A theoretical treatment of transient grating diffraction is derived for gratings that are spatially nonuniform in the direction perpendicular to the sample surface. This treatment is readily generalized to any four-wave mixing experiment. Both reflection and transmission geometries of diffraction are examined for the standard transient grating case, in which both grating excitation beams are incident upon the same side of the sample. For samples in which the grating amplitude perpendicular to the sample surface varies slowly relative to the optical wavelength, the reflection geometry is shown to probe only the surface or the interface, while the transmission geometry probes the bulk of the sample. An experimental example using four transient grating geometries (two reflection, two transmission) is shown to yield significantly different temporal responses, illustrating the nature of the theoretical predictions. The sample is a thin molecular crystal upon a substrate. Both electronic excitations (excitons) and wave-guided acoustic modes are generated and probed. Distinct signals are obtained from the bulk, the crystal-substrate interface, and the free-crystal face. Model calculations are presented that illuminate the behavior of the experimental example.
INTRODUCTION
Four-wave mixing experiments, which have expanded in areas of application and in sophistication over the past decade, have been successfully applied to the investigation of a wide variety of transient processes in liquids, solids, and gases. For example, transient gratings' were used to measure rotational diffusion rates in various liquids 2 , 3 and liquid crystals. 4 In addition, nonlinear [X(3) ] line shapes,' time-domain dynamics of optical phonons, 6 and vibrational relaxation rates in proteins 7 have been determined. Studies of solid systems have deduced the polariton diffusion constants in organic crystals' and the elastic constants of mineral extracts. 9 Gas-phase studies in flames have led to the measurement of radical ion concentrations' 0 and collisional diffusion constants." Other four-wave mixing techniques such as photon echos have provided insight into the coherence time for crystals, ' 2 ' 3 glasses,' 4 " 5 and semiconductor layer quantum wells. 16, 17 Previous research that utilizes nonlinear-optical techniques to study surfaces has concentrated on x(2) effects such as second-harmonic generation. ' For a material that has inversion symmetry, second-harmonic generation is forbidden in the bulk of the material, but at the surface there is a break in the symmetry that permits a signal to be generated. Some other surface nonlinear-optical research has been performed that uses X(3) phenomena. 8 All these techniques have utilized geometries-such as surface plasmon waves and total internal reflection-that confine both the input and the signal electromagnetic waves to the surface region. These techniques are not generally practical for many experimental situations. The theory derived in this paper is fundamentally different. Transient gratings (and other four-wave mixing techniques) are essentially X(3) effects. In the ordinary transmission geometry, there is in general a signal from both the surface and the bulk, which, since they are degenerate in both time and propagation direction, cannot be distinguished from each other. When one considers the reflection signal geometry, a significantly different picture emerges. Owing to phase-matching considerations, there is no backward or reflection signal generated in the bulk of the material. The surface, however, produces a reflection signal that arises from the boundary conditions for electromagnetic waves.
Previous theoretical treatments of transient gratings' 9 were developed by direct analogy with the diffraction for transparent volume holograms, 2 0 2 ' where the general method of slowly varying amplitudes was utilized. The grating was assumed to be constant in amplitude throughout the sample, and the probe beam was assumed to be weakly absorbed. This leads to a situation in which the diffracted light field amplitude builds up linearly with the length of the sample. Recent experimental investigations on samples with high optical densities, 2 2 23 e.g., metals and absorbing dielectrics with spatially nonuniform gratings, demonstrated that further theoretical development is required in which the effects of surfaces are included.
Since it includes a position-dependent grating dielectric constant, the formalism presented here specifically considers, for the first time to our knowledge, the spatial origin of the transmission and reflection signals. This paper provides such a formalism for describing both reflection and transmission geometries of diffraction in which surface effects are specifically considered for samples with or without a high optical density and an arbitrary grating excitation profile.
Both the transmission and the reflection geometries utilized in this paper use the same grating orientation, in which the grating wave vector is perpendicular to the surface normal. This is the geometry that is used in a majority of transient grating experiments. It should be noted that the reflection geometry discussed in this paper differs from that normally discussed in the holography literature. 20 The formalism is developed in detail for both the transmission and the reflection geometries.
In the transmission geometry, when the sample is thick relative to the probe wavelength the signal is generated primarily as the probe passes through the bulk of the sample. For high optical densities at the probe wavelength, the probe is severely attenuated as it transits the sample. Nonetheless, it is shown that, when the grating amplitude is uniform inside the sample, the signal has identical contributions throughout the entire depth of the sample. For a grating that is nonuniform the signal field amplitude has contributions that are proportional to the grating amplitude at any point in the sample, regardless of the probe attenuation. The signal therefore properly represents the local diffraction efficiency, independent of the fact that the probe is attenuated by passing through the sample.
In the reflection geometry it is demonstrated that the signal arises from the surface (or incident interface) of the sample, provided that there is a grating modulation of the dielectric constant at the surface, an abrupt discontinuity of the dielectric constant at the surface, and slow changes (relative to the optical wavelength) in the grating amplitude perpendicular to the sample surface. This will always be the case for a weakly absorbing or nonabsorbing 2 4 condensed-matter sample with a surface in air or vacuum. The only limitation to the surface selectivity in this case is the depth of the abrupt discontinuity in the dielectric function. In general, this occurs on an atomic or molecular distance scale (1-10 A).
When the absorption depths of the grating excitation and probe beams are of the order of an optical wavelength or less (high optical density), the slowly varying grating amplitude approximation does not apply. The reflection geometry is no longer surface selective, but rather it probes a depth into the sample that is comparable with the optical absorption (Beer's) length. This is in some sense counterintuitive.
The weakly absorbing sample gives surface selectivity, while the strongly absorbing sample gives a signal from a significant depth into the sample. This allows for an interesting set of experiments. Surface-selective experiments can be performed far down the edge of an intense absorption band, where the optical density is low. As the light is tuned well into the absorption band and Beer's length is decreased to the order of a wavelength, the sampling depth is increased substantially.
Such experiments would provide for a smooth transition from the observation of bulk phenomena to surface phenomena, which in turn would give information on the spatial extent of the surface properties of materials. Thus the reflection geometry can provide information on the properties of surface and interfacial regions, in contrast to the transmission geometry, which measures the mean bulk properties.
The surface selectivity is illustrated with experimental results from a thin anthracene crystal upon a fused-silica substrate that is excited and probed near the first polariton stop band. Data taken in the reflection geometry from the free (air-anthracene) interface and the bound (anthracene-glass) interface differ dramatically from the bulk measurements made in transmission. In addition, data taken in the reflection geometry from the free and the bound interfaces significantly differ from each other. The transient grating method can therefore directly and simultaneously provide information on the surface and bulk properties of a material.
THEORY
Consider a slab of material with the dielectric constant periodically modulated in the z direction, as shown in 
where e 0 is the permittivity of free space. The unperturbed-material dielectric constant is denoted e, Ae(x) represents the spatially nonuniform grating amplitude perpendicular to the sample surface, and 13 is the grating wave vector, defined as 2v7/A, where the grating fringe spacing is A = Ae~/2 sin 0.
The two grating excitation beams have a wavelength Aexc and cross at an angle 20; both the angle and the wavelength are measured outside the sample. It is convenient to present Ae(x)/e as the product of a normalized function, which represents the spatial nonuniform excitation of the grating, and an amplitude po:
Ae(x)/e = POP(X).
Starting with the wave equation for the E-field component of the electromagnetic field, 25 -V 2 E + e(x2) t= 0,
we obtain, after substitution of E = E exp(-iwot) and incorporation of the dielectric function given by Eqs. (1) and (3),
For po << 1, which corresponds to the weak-diffraction limit, only the first order of diffraction needs to be considered. This is a reasonable assumption, since a typical transient grating experiment would have po s 0.01. The solution to Eq. (5) is represented as an expansion in powers of p0:
Substitution of Eq. (6) into Eq. (5) leads, to first order in po, to the following equations for the fundamental field uo and the first-order diffracted field ul:
Equation ( One can recognize that Eqs. (7a) and (7b) are almost identical to the system of equations used by Bloembergen 26 for the description of parametric interaction of optical waves on the boundary of nonlinear media. The only difference is in the x-coordinate dependence of the excitation or coupling term P(x). The solution of Eq. (7a) is
where AR and AT are the amplitudes of the reflected and transmitted waves, respectively, as determined by the Fresnel relations. The incident E field has been set to unity. The x components of the wave vectors k and k" of the fundamental incident and reflected waves and k' of the fundamental transmitted wave are given by
where 1k 2 1 = (/c)sin 0. For a graphic representation of the wave-vector relationships see Fig. 1 . Limiting ourselves to the case of TE polarization (electric vector perpendicular to the plane of incidence) and using the Maxwell boundary conditions for electric fields, which reduce to the continuity of uo and duo/dx at x = 0, we obtain the Fresnel relations
Introducing Eqs. (8) and (10) into Eq. (7b), one obtains the equation for the first-order diffracted field:
where kx* is the x component of the wave vector of either the transmitted or the reflected diffracted field. The wave vector of the transmitted diffracted field is given by
The wave vector for the reflected diffracted wave is
and the coupling parameter is denoted as
The solution of Eq. (11) may be written in the form
where (1/2ikxT)exp(ikxTlx -x'I) is the Green function of Eq. (11). We determine the amplitudes of the transmitted and reflected diffracted waves, denoted aT and aR, respectively, by matching the boundary conditions for the tangential components of the electric and magnetic fields, which reduce again to the continuity of ul and du,/dx at x = 0. Keeping in mind that Ix -x'I _ x' -x for the case of interest, one obtains the following equations from the boundary conditions of Eq. (13):
where
Solving and substituting Eqs. (14) into Eqs. (13) provide the final result for the fields:
for the reflection geometry and
for the transmission geometry. The general solution for the reflected diffracted wave can be simplified by substitution of
which is valid for Bragg's condition (see Fig. lb ). For the case of a slowly varying dielectric modulation [(x)] in the x direction relative to the optical wavelength, the second derivative d20(x)/dx 2 can be neglected. After double partial integration of Eq. (15a) one obtains
+(kT + kR) (kT + k) 2~. J (7 for the amplitude of the reflected diffracted wave. Relation (17) shows that if the modulation function is approximately constant and changes only gradually ( constant and d/dx << k), then the diffracted wave amplitude comes entirely from the first term on the right-hand side of relation (17) , which coincides with Bloembergen's result 2 6 for parametric amplification.
For the amplitude of a transmitted wave, given by Eq. (15b), the limiting case described above for reflection produces the result
T (x')dx' , (18) where aR is the amplitude of the reflected diffracted wave as defined by Eqs. (14) . The position in the sample at which the diffraction is measured is denoted T. Alternatively, if the sample is a slab and the transmitted diffraction is measured outside the sample, the thickness of the slab is T. As one would expect, the transmitted diffracted wave amplitude is proportional to the sample thickness [if +(x) = constant] plus the surface contribution aR. It should be noted that the theory derived above is not rigorously valid for a slab that has two interfaces. However, for a sample that has a high optical density one can neglect the effects of the second interface, since the fields are weak there. Otherwise, an analogous treatment can be used for the second interface. Using Eq. (15a), one can obtain a general expression for the reflected diffraction efficiency at the Bragg angle of the probe light intensity, (19) which is reduced with the use of relation (17), for slowly varying AE(x), i.e., de/dx << e" 2 /A, inside the sample, to
where (e),=o and (dAe/dx),=o are the magnitudes at the interface (x = 0) of the modulated component of the dielectric function and its x derivative, respectively. The general expression for the diffraction efficiency of the transmitted wave for a slab of thickness T at the Bragg angle, which is derived from Eq. 
where flT = D(ln 10)/cos 0, which accounts for Beer's law attenuation of the probe beam, and D is the optical density. The first term in the modulus on the right-hand sides of these equations is the surface contribution for the incident interface (x = 0). The second term is the bulk contribution, which will dominate for samples thicker than _AC 1/2. Equations (19) - (22) Fishman et al.
several ways; e.g., in an optically dense sample the light fields are significantly attenuated at the second interface of the slab (x' = T), and in a thick sample the grating excitation beams do not cross at the second interface. All the preceding expressions are correct for the case of a complex dielectric constant in an absorbing medium. The dielectric constant e is explicitly replaced by e = e' + i", (23) and all the wave vectors are replaced by the appropriate complex wave vectors. Starting with a complex index of refraction, ho, that is weakly modulated with the grating periodicity gives
Ignoring terms that are second order in A leads to the grating dielectric amplitude
The substitution of Eq. (25) 
Treating An' and An" as constants and setting IhoI = 1 lead to the well-known result for transmitted diffraction in the weak-diffraction limitl9- 21 :
DISCUSSION
The most important aspect of Section 2 is the surfacesensitive nature of the reflected diffraction signal given by Eq. (20) . As in surface second-harmonic generation, only the surface region is probed with the reflected diffraction experiment if the modulation function has an abrupt change at the interface and changes gradually inside the material [Ae >> (dAe/dx)k''1]. For many experimental situations the (Ae)x=o (offset) term dominates. If dAe/dx is large, i.e., the index modulation is rapidly varying relative to the probe wavelength, then higherorder terms need to be considered, and the signal may have some bulk contribution created by the rapid index changes inside the material. The transmitted diffraction experiment is significantly different. The signal has a surface contribution that is identical to that of the reflection case, but there is also a contribution from the bulk of the material. If the material is thick relative to the wavelength of the probe inside the sample (Ae-1 /2), then the surface term has negligible amplitude, assuming that the index modulation is of equal amplitude throughout the sample. On the other hand, if the sample is thin relative to the probe wavelength inside the sample, the reflection terms will dominate, and the bulk contribution to the signal will be small. The attenuations of the probe and diffracted beams as they propagate through the sample are equal, since the path length is a constant when the probe is incident at the Bragg angle. This leads to an equal spatial weighting of the contributions to the diffracted signal.
In the case of a thick sample with a slowly varying index modulation, the transmission case uniformly probes the bulk, while the reflection case probes only the surface. This leads to a new approach for observing both surface and bulk phenomena with the same transient grating experimental method. A similar formalism could be derived for different types of four-wave mixing experiments such as photon echoes. In this case modulation of the dielectric function is expressed with the use of the appropriate time-dependent polarization induced by the optical pulses.
EXPERIMENTAL EXAMPLE
In this section an experimental example is presented. The system, anthracene single crystals excited and probed near the first polariton stop band, is complex. Our purpose here is to illustrate the difference between transmission and reflection geometries without treating in detail the underlying complexities of the system. Furthermore, the model calculations will be significantly simplified to illustrate the diffraction phenomena rather than to reproduce the exact time dependence of the data.
A. Experimental Procedures
The output of a Q-switched, mode-locked Nd:YAG laser is frequency doubled to a wavelength of 532 nm and used to pump a red dye laser. A cavity-dumped pulse from the dye laser is frequency summed with a single infrared pulse from the Nd:YAG laser to produce a tunable near-UV source of 3-,uJ, 30-ps pulses at a 600-Hz repetition rate. The UV pulse is then split into three pulses. Two pulses are crossed at an angle 20 to produce a sinusoidal interference pattern in the sample. The wavelength of the laser is tuned so that the anthracene strongly absorbs the light, but there is still significant transmission owing to the thinness of the sample. Absorption of the light produces both electronic excitations and acoustic standing waves. 2 7 The third pulse is the probe and is incident from either the front or the back of the sample. The probe is temporally delayed and diffracted from the transient holographic grating in both transmission and reflection geometries. Four experimental probe geometries are sequentially observed under identical grating excitation conditions. These geometries consist of two transmission and two reflection configurations, as shown in Fig. 2 . The two front probe geometries, in which the excitation and probe beams are incident upon the same interface, are shown in Fig. 2a . The two back probe geometries, in which the probe is incident upon the opposite interface, are depicted in Fig. 2b . The diffracted signal is detected with a photomultiplier tube and a lock-in amplifier. A computer is used to signal average many scans of the delay line to provide an improved signal-to-noise ratio. Experiments were performed on anthracene single crystals The grating wave vector and the laser polarization were parallel to the a axis, and the grating excitation beams were incident upon the anthracene-glass interface. The sample, which is 350 nm thick, has an optical density of 0.38 at the laser wavelength of 398.6 nm, the red edge of the first absorption band. A detailed description of the sample preparation is provided elsewhere. 2 8 B. Results and Discussion Figure 3 shows the experimental results for the transient grating experiments on the four grating geometries in Fig. 2 . The first two are transmission geometries with the probe beam incident upon either the anthracene-substrate interface (front; Fig. 3a) or the free (back; Fig. 3b ) surface. The third and the fourth are reflection geometries with excitation incident upon the front (Fig. 3c) or the back (Fig. 3d) side of the sample. The complicated beating pattern seen in all the data sets arises from the acoustic waveguide nature of the thin samples.
2 53 0 Many different acoustic modes are excited inside the sample, which leads to a superposition of many different frequency components.
The transmission geometries give virtually identical signals, particularly in contrast with the two reflection cases. The excitation beams are substantially attenuated in passing through the sample. Therefore more excitations are produced near the front surface. The probe is also attenuated in passing through the sample. Nonetheless, the signal is the same whether the probe first encounters the regions of higher or lower excited-state density. The theory, which shows that diffraction for a transmission geometry has equal spatial weighting throughout the bulk of the sample, implies that the probe beam direction is irrelevant, in agreement with experimental observations. Minor differences between the two transmission data sets can arise from slight differences in alignment of the probe beam that occur in switching geometries and from the low-amplitude contributions from the surface component of the signal, which are not necessarily the same at the free surface and the anthracene-substrate interface.
The two reflection signals are fundamentally different from the transmission signals. The transmission signals (Figs. 3a and 3b) show a large, slowly decaying offset from the zero baseline. This is due to the generation of excited states (polaritons or possibly polaritons that have decayed into excitons) in the bulk. The offset decays only partially during the -20 ns of data. Figure 3c shows reflection data taken from the crystal-substrate (incident grating excitation) interface. The offset decays rapidly, and the acoustic waves, which are modified by the presence of the interface, show a simple pattern. Figure 3d shows reflection data from the free crystal surface. The offset in signal caused by excited states is small, even at time t = 0. The beating pattern is again complex. Fourier transforms of the data show that Figs. 3a, 3b, and 3d have the same frequencies, consisting of five modes, while the crystal-substrate interface incident reflection signal displays only one of the frequencies. For the reflection geometry, in which the probe is incident upon the crystal-substrate interface (Fig. 3c) , the signal arises entirely from the interface of the sample, which contains a large population of the excited electronic states. The signal consequently shows a ratio of excitedstate to acoustic contribution of approximately 2:1. For the case of a reflection geometry, in which a back incident probe is used (Fig. 3d) , the ratio of the excited states to the acoustic contribution is approximately 1: 2. This can be understood qualitatively, since the acoustic disturbance is more or less constant throughout the sample in the x dimension, while the excited states are exponentially weighted near the front (incident excitation side) of the sample owing to Beer's law absorption of the excitation beams. Since a reflected diffracted signal samples only the probe inci-dent interface, the signal that is derived from the back (opposite the incident excitation side) interface has a much larger acoustic, rather than excited-state, signal amplitude.
As is pointed out above, the excited-state decay characteristics also differ dramatically in the reflection-versustransmission data. This can be understood from a consideration of the surface selectivity of the reflected diffraction signal. The reflection signal will probe surface excitations (surface polaritons). It is known that excitation transport in anthracene crystals at room temperature is slow on the experimental distance (-1 Am) and time (-10 ns) scales and that transport in the c crystallographic axis direction (approximately the surfacenormal direction) is extremely slow. Therefore the surface states and the bulk states can decay at independent rates, and the surface states will not be significantly repopulated by diffusion of excitations from the bulk.
Clearly, the physical phenomena occuring in the anthracene crystal are complex. The object of the discussion given above is not to illustrate the details of the dynamical processes in anthracene but rather to illustrate that dramatic differences can be observed in a comparison of reflection and transmission geometries of diffraction. This is in accord with the theoretical development, which demonstrates that reflection and transmission signals probe distinct spatial regions of the sample.
C. Calculation Example
A calculation applying the theory developed in Section 2 that uses a simple physical model of the anthracene system can illustrate the same trends as those seen in the data. To demonstrate the theory, we retain only the essential physical features in the model. A single acoustic wave will be used rather than the multiple modes observed, and acoustic damping will not be included. Decay of the surface excited states and bulk excited states will be taken to be independent, with each characterized by a single exponential lifetime. For mixed excited-state and acoustic transient gratings studied to date, for small values of n" (n" << 1) the primary contributions to An' and An" can be written as' 9 An" (x, t) = - [AN,(x, t) 
Anex(x, t) = -[AN,(x, t)/No]n'`()2(w -wo)/Aw, (28b)
A n tr(X, t) = -AS(x,t)(n
where Anex and AnX are the grating peak-to-null variations in the components of the complex index of refraction due to the presence of electronic excited states and Anstr is the variation due to the presence of strain. The number density ratio of excited states to ground states in the grating peak to the null is AN, (z, t)/No. The peak-to-null difference in strain due to an acoustic disturbance is written as AS(z, t). The transition line width and the resonance frequency are written as Awj and wo. The real and imaginary parts of the probe's unperturbed index of refraction are again written as n' and n". The above contributions to An' and An", which are utilized as examples in this paper, are discussed in detail elsewhere.' 9 There are two possible mechanisms that could produce acoustic strain. 2 7 They are Brillouin scattering and heating due to radiationless relaxation of the excited states. The experimental data used in this paper do not provide enough information to permit us to distinguish between the two mechanisms. The Brillouin scattering mechanism will be assumed, since it leads to a brief theoretical description. The simplest expression for the lowest-order acoustic mode of an isotropic slab on a half-space (Rayleigh mode) is found in the limit of infinite fringe spacing 30 (,G = 0) that will be used here. The strain in the sample due to the single lowest mode can now be written as AS(x, t) = ASonex( sin(coat), (29) where n' and Wac are the imaginary portion of the index of refraction for the excitation beams and the acoustic frequency for the acoustic mode, respectively. Assuming a single exponential excited-state lifetime where Beer's law is used to describe the spatial distribution of excited states generated by the grating excitation beams incident upon the x = 0 side of the sample. The bulk component amplitude a(x) is equal to unity in the interval 0 < x < T and is equal to zero elsewhere. The surface component amplitude b(x) is equal to unity at the interfaces (x = 0, x = T) and is zero elsewhere.
These initial grating conditions can be probed with four transient grating probe configurations discussed in Subsections 4.A and 4.B. The first two are transmission diffraction geometries from a probe incident upon either the front or the back side of the sample. The third and the fourth are reflected diffraction geometries with the probe incident upon the back or the front interface. Since the Beer length of the material is approximately two (30) Fishman et al. (20) and (22) for slowly varying Ae are used in this example. Substitution of the grating excitation initial conditions into Eqs. (20) and (22) and integration yield four different time-dependent diffraction efficiencies. Figure 4 gives the calculated diffraction signals after normalization of the diffraction efficiency to the largest signal for each of the possible probe geometries. The constants used in the calculation are representative of the material constants of the anthracene sample used for the data shown in Fig. 3 and are given in Table 1 . The only adjustable parameter is the ratio of excited states to strain amplitudes, AN'/AS'. This parameter, adjusted to correct the relative size of the acoustic oscillations and the excited-state signal for the transmission case data (Fig. 3a) , is held constant for the two reflection cases. The two transmission cases shown in Figs. 4a and 4b are virtually identical, since the surface contributions, which are not identical, are more than 1 order of magnitude smaller than the bulk contribution to the signal. As we discussed in Section 3, the bulk contribution is identical for either probe direction, since the bulk contribution is an equal spatial weighting of the bulk dielectric modulation.
The reflection geometry gives significantly different results. While the signals in Figs. 4a and 4b decay slowly with the bulk excited-state lifetime, those in Figs. 4c and 4d decay rapidly with the surface lifetime. As is also seen in the experimental data, the reflection signal with a front incident probe (Fig. 4c) has far less of an acoustic component relative to the case of the back incident probe (Fig. 4d) . Both reflection geometries are surface selective, but the excitation beams that are incident upon the front side create more surface states on the front side. Thus the relative magnitudes of the excited-state to acoustic contribution for front and back incident reflected diffracted beams are qualitatively correct, and the calculation reproduces the essential features of the data.
CONCLUDING REMARKS
The transmitted diffraction signal has a bulk contribution that prevails if the sample is thick (greather than a wavelength). This is the case that has commonly been explored in the laboratory. For thick samples the reflection and transmission signals look at fundamentally distinct regions of the sample. This was illustrated in the experiments presented above. Reflection and transmission gratings gave dramatically different time-dependent signals both in theory and in practice. By analyzing various probe configurations of a transient grating experiment, one can extract additional information on the spatial distributions of the index perturbations that is not available from a single experimental geometry.
Probing the surface with transient grating experiments has some similarity to surface-selective second-harmonic generation. Both depend on an abrupt change in the dielectric function to produce surface selectivity. The transient grating experiment is readily applicable to the study of dynamics on surfaces on fast and slow time scales. Although it was not explicitly discussed in this paper, surface reflection gratings can also be used in surface nonlinear spectroscopy. For example, by fixing the probe delay time and the excitation wavelength and tuning the wavelength of the probe beam, one should be able to obtain a surface excited state-excited state spectrum. The development in this paper of the appropriate theoretical description of reflection and transmission transient grating experiments, demonstrating the ability to measure the surface dynamic and spectroscopic properties of materials, can have many important applications.
The theoretical treatment presented in this paper shows that reflection geometry of diffraction exclusively probes the surface in situations in which the modulation of the dielectric constant varies slowly relative to a wavelength of light in the direction normal to the grating wave vector. This is a type of sample that is commonly en-countered. Equation (20) describes the case. If, however, the dielectric constant changes quickly relative to the wavelength, then the more general Eq. (19) must be utilized. For some materials of interest, such as multiquantum-well structures, there can be boundaries or interfaces inside the sample that cause jumps in the dielectric function. In such a case diffraction can occur from each interface. This could be theoretically treated by a generalized solution of Eq. (18) for multiple interfaces. The important point is that in a simple sample the reflection signal will come from the surface or the interface. This leads to a powerful new method of analysis for transient grating diffraction in which bulk and surface effects can be measured separately. Similar considerations apply to many types of four-wave mixing experiments, such as photon echoes and coherent anti-Stokes Raman scattering. The theory presented above can readily be extended to those experiments.
